Molecular capsules have been of significant interest to many for some time as they are not only challenging to assemble with a degree of control, but also because they offer unique chemical environments for molecular material through encapsulation. This confinement of chemical space is still relatively unexplored. [1] [2] [3] [4] [5] [6] [7] [8] Among other rigid bowl-shaped molecules, we have been interested in the assembly of the Calkylresorcin [4] arenes and C-alkylpyrogallol [4] arenes.
[2a, 9, 11] Six C-methylresorcin [4] arenes were shown to assemble from aqueous nitrobenzene with eight structural water molecules into a multicomponent hydrogen-bonded nanocapsule encapsulating nitrobenzene. [9] Recently, Ugono and Holman showed that six of these structural water molecules can be substituted with 2-ethylhexanol molecules to form a capsule containing two additional alcohol molecules. [10] The related pyrogallol [4] arenes have been shown to assemble into similar hydrogen-bonded nanocapsules and are also capable of encapsulating various molecular species, as identified in the solid, solution, and gas phases. [1, [11] [12] [13] [14] In recent times we have used these hydrogen-bonded structures effectively as templates for the (in some cases instantaneous) assembly of large metal-organic analogues by metal insertion into the hydrogen-bonded seam (with concomitant elimination of hydrogen atoms). [15] [16] [17] We also recently synthesized an octametalated zinc dimeric capsule based on C-propylpyrogallol [4] arene (PgC 3 ) that contained a pyridine guest molecule and that also had eight pyridine molecules ligated at the metal centers of the resulting capsule. [18] Herein we show that for the previously reported octametalated zinc dimeric pyrogallol [4] arene capsule motif, [18] it is not only possible to encapsulate the guest molecule of choice (within steric considerations), but it is also possible to perform ligand exchange at the metal periphery with relative ease. In addition, we show that the encapsulation of an asymmetric guest induces a distinct divide between the two hemispheres of the dimeric assembly. Importantly, this asymmetric guest plays a role as a "reporter" for the communication between the ligands and the zinc-seamed capsule; by interchanging ligands and concomitantly varying electron donation to the metal centers, an observed C À H···p interaction of the guest with an arene moiety of the capsule is either enhanced or diminished, thereby translating information between the exterior and interior of the assembly electronically.
Combination of the pentacoordinate zinc(II) complex [Zn(NO 3 ) 2 (3-methylpyridine) 3 ] with PgC 3 in methanol (Scheme 1) gave instantaneous precipitation of a yellow powder that was found to be the complex [Zn 8 (C-propylpyrogallol [4] arene) 2 (3-methylpyridine) 8 &(3-methylpyridine)] (1). As it was not possible to crystallize the complex with 3-methylpyridine (3-MePy) ligands on the metal centers, we investigated the possibility of removing or rather replacing these ligands with dimethylsulfoxide (DMSO). This was found to proceed with ease either by dialysis in a solution of DMSO in methanol or by repeated azeotropic vacuum distillation with DMSO (boiling points of 3-MePy and DMSO are 144 8C and 189 8C, respectively) to form the complex
Upon allowing a solution of 2 in DMSO to stand under a strong direct flow of nitrogen, continued slow evaporation resulted in the growth of large colorless single crystals that were suitable for X-ray diffraction studies. The crystals had triclinic symmetry and the space group P1 . The asymmetric unit contained an entire capsule comprising two PgC 3 molecules stitched together by eight zinc centers and shrouding one 3-MePy molecule. In addition, eight DMSO molecules are coordinated to the centers and there are additional noncoordinating DMSO molecules of crystallization. The two bowl-shaped molecules are arranged in a staggered capsule arrangement with respect to metal PgC 3 coordination and are equatorially seamed together by eight zinc(II) centers, each of which are coordinated to two phenoxy groups from each PgC 3 monomer (Figure 1 A) . This coordination replaces 16 of the 24 protons available from the aforementioned phenoxy
groups, leaving 8 protons involved in hydrogen bonding between the ortho-phenoxide units of the PgC 3 molecules. The zinc centers are pentacoordinate, and the remaining axial coordination sites are occupied by DMSO ligands coordinating through the oxygen atoms (Figure 1 B) .
Although both capsules have differences with respect to ligands and guests present, each were identical with respect to Zn À O bond lengths and O-Zn-O angles. However, for the capsule analogue in which pyridine is encapsulated and pyridine ligands are present on the zinc centers, the guest was poorly resolved owing to molecular rotation. [18] In the present case, the methyl group on the pyridine ring prevents such rotation, and the molecule is well-resolved on the capsule interior (Figure 1 A) . The methyl group of 3-MePy is clearly positioned in close proximity to the arene moiety of the dimer, and there is significant C À H···p interaction between host and guest. The calculated space encapsulated in the crystal structure of 2 is approximately 143 3 (measured with a test radius of 1.25 ), which is comparable to the value of 141 3 for the previously reported encapsulation of pyridine. [19] Detailed NMR studies reveal interesting electronic communication between the host and the guest [20] through influence by the interchangeable ligands on the metal centers. As one would expect (from literature studies), the proton shifts for encapsulated 3-MePy experience considerable upfield displacement relative to those for the free molecule. [21] The recorded Dd values (Table 1) for the methyl group of the encapsulated 3-MePy molecule were greater than 4 ppm, which is correlated by the crystal structure (and indicated to some extent in Figure 1 A) . The Dd values for the remaining aromatic protons of the encapsulated 3-MePy guest are also large (Table 1) , but are reflective of their equatorial proximity to other aryl moieties of the dimeric capsule (Figure 1 A) . Similar values have been noted by Chapman and Sherman for close proton proximity and equatorial positioning of guests to the arene moiety in carceplexes. [21] At this point, it is appropriate to describe the dual hemispherical nature of the dimeric capsule as north and south relative to what can be termed a zinc equator (Scheme 2). The equatorial divide is exaggerated by the encapsulation of the asymmetric 3-MePy guest. Its introduction enforces two different chemical environments within the capsule, a distinctive north-south divide, whereby the hemisphere occupied by the guests methyl group is for our purposes assigned as north. The difference in these chemical environments is clearly expressed in both the 1 H and 13 C NMR spectra. The 1 H NMR spectrum shows splitting of signals for the hydrogen-bonded protons of the capsule (d = 17.61 and 17.34 ppm, which also experience significant deshielding by the presence of the oxygenbonded metals), aryl protons (d = 6.58 and 6.28 ppm), to a lesser extent the bridging methylene protons (broad peak at d = 4.19 ppm), and even the protons of the first methylene of the C-propyl chain (d = 2.22 and 2.12 ppm) (see the Supporting Information for spectra).
By exchanging the heterocyclic ligands with a lesselectron-donating species (DMSO), the electropositive metal centers need to supplement for the loss of electron density. This is done by drawing density from the aryl rings, a feature that of course has significant effects on the host-guest interactions, which are readily catalogued by NMR analysis. With this change in electronic distribution, guest mobility is affected and inevitably influences the CÀH···p interactions of the guest. This result was aptly demonstrated by NMR titration of the heterocyclic ligand to a solution of the zincseamed dimeric capsule in deuterated DMSO (Figure 2) . By increasing the titer of 3-MePy and by concomitant replacement of DMSO as the ligands for the zinc centers, the guest peaks continue to shift downfield, a consequence of the changing p-electron density throughout the aryl moiety. The titration was continued to saturation, where competitive exchange with DMSO was dominated by the weak hetero- cyclic ligand for coordination with the octametalated dimer. Saturation, thus, implies complete coordination by 3-methylpyridine in the solution phase. The weakening of the CÀH···p interactions is reflected by the values of DDd (Table 1 ). This redistribution of electron density was also noted to affect the chemical shifts for the respective hemispheres to a lesser but still significant extent (see the Supporting Information).
In conclusion, we have demonstrated the facile and selective guest placement within a dimeric metalated capsule, as well as interchangeable ligand exchange on the metal centers that seam the capsule assembly together. The latter features is particularly important for the use of these robust frameworks in coordination network formation. The use of ligand properties to translate electronically to the guest on the capsule interior gives valuable insight into the properties of a "tight chemical space for encapsulation" and is a useful tool for studying such interactions through space. Work continues into the encapsulation of other species and the possible formation of larger assemblies based on this building block.
Experimental Section
NMR spectra were acquired on a Bruker AXR500 NMR spectrometer (500 MHz). For dialysis, Spectra/Por 6 Dialysis Membranes with a molecular weight cutoff of 1000 Da were used. Synthesis of Cpropylpyrogallol [4] arene was according to a literature procedure. [22] [Zn 8 (C-propylpyrogallol [4] arene) 2 (3-methylpyridine) 8 , m), 6.34 (4 H, m), 5.72 (1 H, m, &3-MePy), 5.48 (1 H, m, &3-MePy), 4.68 (1 H, m, &3-MePy), 4.49 (1 H, m, &3-MePy MALDI-TOF MS analysis: Spectra were collected on a Voyager DE-PRO instrument. Crystals were dissolved and cocrystallized in a dithranol matrix (10 mg mL À1 in CHCl 3 ). All analyses were conducted on a gold MALDI plate. The Voyager DE-PRO instrument was operated in a reflector positive-ion mode (20 kV acceleration, 150 ns delayed extraction, 600 to 4000 mass range). Spectra were acquired at a laser intensity of 1200, and 500 spectra per acquisition were accumulated to a total of 2000 spectra by moving the laser around the spot. A [M+H] + ion at 2041 Da was obtained for [Zn 8 (C-propylpyrogallol [4] arene) 2 &(3-methylpyridine)] stripped of its ligands in the gas phase, which is in good agreement with calculated values.
